Using high-performance size-exclusion chromatography and fluorescence spectroscopy, we investigated the kinetics of fluorescent peptide reactions with detergentsolubilized I-Ad, a class H molecule of the mouse major histocompatibility complex. At pH 7.0 and 37C the half-time for the binding of a fluorescein-labeled synthetic peptide representing ovalbumin amino acids [323][324][325][326][327][328][329][330][331][332][333][334][335][336][337][338][339] were -7 times shorter than at pH 7.0. In addition the complex of the I-Ad a/fl heterodimer with FOva-(323-339)Y was unstable and dissociated into separate a and fi chains with a half-time of -7 hr.
The immune recognition by T helper cells involves many different steps, including antigen internalization by endocytosis and endosomal processing in acidic cell compartments. This leads to fragmentation of the protein to peptides. Some of these antigenic peptides bind to class II molecules of the major histocompatibility complex (MHC) and are transported to the cell surface. These MHC-peptide complexes "present" the antigenic peptide to CD4' T cells (for review see refs. 1 and 2). Thus, the recognition process by T helper cells requires antigen processing and subsequent presentation on the cell surface by MHC class II molecules. The recognition event causes activation of the immune system, a complex series of events involving humoral messengers. Peptide binding to MHC class II molecules is thus a central step in immune recognition. It is not known, however, by what molecular mechanism MHC molecules bind peptide. There are indications that MHC class II molecules are recycled from the cell surface by endocytosis (3) . Acidification of the endosomal compartment presumably allows peptide release and rebinding of new peptides. On the molecular level, the kinetics of peptide association and dissociation have been investigated in both detergent solution and planar membranes (4) (5) (6) (7) (8) . Once formed, the MHC-peptide complex is long-lived and dissociates with a half-life of several days (6) (7) (8) . A long-lived complex is doubtless essential for its function in cell-cell recognition and triggering.
The interpretation of the kinetics of peptide binding is not straightforward. A number of reports assume that the reaction is a slow, second-order, single-step reaction (6, 7) . However, Sadegh-Nasseri and McConnell (8) obtained evidence that peptide binding with the mouse MHC class II molecule I-Ek is not a single-step reaction.
In the present work we have investigated peptide binding, dissociation, and exchange with the mouse class II molecule I-Ad in detergent solution by high-performance size-exclusion chromatography (HPSEC) . Using peptides labeled with different fluorescent tags, we followed the peptide exchange at different pH values. Our results appear to be consistent with a kinetic intermediate ofthe sort proposed earlier (8) but reveal in addition an unexpected finding that the half-time for peptide binding to I-Ad is equal to the half-time for peptide dissociation, over a wide range of added peptide concentrations. In related work in this laboratory the same result has been obtained for pigeon cytochrome c peptide binding to I-Ek (S. Witt and H.M.M., unpublished data).
METHODS
Cell Lines and Materials. As a source of I-Ad we used the cell line A20.1.11 (9) . I-Ad was purified by affinity chromatography using the monoclonal antibody MKD6 (anti-I-Ad).
After periodate oxidation the MKD6 antibody was coupled to hydrazine-agarose (Bio-Rad). Both cell lines were obtained from the American Type Culture Collection.
Purification of I-Ad. A20.1.11 cells were grown in RPMI 1640 medium (GIBCO) supplemented with 10%o NuSerum IV (Collaborative Research), 2 mM glutamine (GIBCO), and 1 mM sodium pyruvate (GIBCO). Viability of the cells was >95%. Cells were harvested and washed twice with phosphate-buffered isotonic saline containing (PBS) 1 polyacrylamide gel under nonreducing conditions. The gels were silver-stained (10) . The relative amounts of I-Ad a chain, f3 chain, and a/, heterodimer were determined using the LKB UltroScan XL laser scanner. The scans were corrected for background. The amount of FOva peptide bound to I-Ad was determined by HPSEC.
HPSEC. HPSEC was performed using a Rainin-HPX solvent delivery system with pressure monitor. The column (Ultropac TSK G3000 SW, 7.5 x 600 mm, Pharmacia) and precolumn (Ultropac TSK SWP, 7.5 x 75 mm, Pharmacia) were connected to an absorbance detector (Kratos Analytical Instruments) and a fluorometer (Gilson model 121). The elution of FOva peptide was followed using a narrow excitation filter (490 nm) and a narrow emission filter (520 nm). For the detection of TROva peptide, we used a narrow filter (570 nm) and a wide-range, colored glass filter (585-650 nm). HPSEC separations were performed in 1 mM DM/10 mM phosphate buffer/150 mM NaCl/0.02% NaN3, pH 7.0. The .0 x 10-6 s-1 (Fig. 2) . The dissociation rate was comparable to the rate found for the binding ofthe Ova peptide to I-Ad. The dissociation rate was not altered in the presence of different detergents such as octyl 3-D-glucopyranoside, SDS, or deoxycholate. At pH 5.0 we found a 7-fold increase of the dissociation rate (k = 4.2 x 10-5 S-1). The dissociation rate was studied for two differently labeled Ova peptides (FOva and TROva). The dissociation rate was independent of the fluorescent dye used for peptide labeling and was not altered when the dissociation took place in the presence of an excess of unlabeled or differently labeled peptide.
Peptide Exchange. Using two differently labeled peptides (FOva and TROva), we followed the simultaneous dissociation and reassociation of peptide. In extension of the dissociation experiments, we incubated I-Ad for 10 days with an excess of TROva-(323-339)Y as described before. Afterwards, the I-Ad heterodimer was isolated from the excess of unbound peptide by HPSEC. Again, monitoring of peptide dissociation was started immediately by splitting the samples and adding FOva peptide and buffer to a final concentration of 0.3 ,M I-Ad/100 MLM FOva-(323-339)/1 mM DM/10 mM phosphate or acetate buffer, pH 7.0 or 5.0/150 mM NaCl/ 0.02% NaN3. By injecting small sample volumes into the HPSEC at various times, we could follow peptide association and dissociation. The data for the dissociation are shown in Fig. 2 . The association and exchange of the differently labeled peptide was slow (Fig. 3A) . The data for the peptide exchange fit a pseudo-first-order binding (Fig. 3B) . The rate constant was k = 5.8 x 10-6, which correlates with the dissociation rate constant found in the same experiment (Fig.  2) . Furthermore, we investigated the peptide exchange at different peptide concentrations. Again, we found that the exchange rate was independent of the peptide concentration: the association rate constant for 50MM FOva peptide was 6.6 x 10-6 s-1 compared to 5.8 x 10-6 s-1 for 100 MM FOva peptide. We investigated the association of a truncated peptide to the preformed MHC-peptide complex. FOva-(323-328) associated specifically and with the same rate constant as the dissociation of prebound peptide (k = 6.7 x 10-6 s-1). The amount of bound truncated peptide was about a factor of 5 less. In all experiments the kinetic data were independent of the fluorescent dye that was used for peptide labeling. Furthermore, the kinetic data are consistent with experiments using only the dissociation or association of peptide with only one labeled peptide.
Peptide Exchange at Lower pH. The peptide exchange experiments were also conducted at pH 5 silver-stained and analyzed by laser scanning. The ratio ofthe amounts of heterodimer to free chains was determined (Fig.  4) . Below pH 5.3 the amount of heterodimer was drastically decreased. The heterodimer dissociated into free chains. In the same samples the amount of IAd-bound peptide was determined by HPSEC. Peptide binding increased as the pH was decreased from 7.0 to 5.3 (Fig. 4) . The relative amount of bound peptide reached a maximum at pH 5. In all experiments at pH 7.0 the pseudo-first-order rate constant was determined to be -1 x 10-5 s-1 (Fig. 1C) . Thus, the association of antigenic peptide with MHC class II molecules is not a single-step, second-order association reaction as assumed by other authors (6, 7). The simplest, qualitative explanation of our results is given by kinetic model I.
binding. This lag is not seen experimentally. However, calculations show that the time lag would not be seen if a small proportion (l109o) of the MHC molecules were uncomplexed at the beginning of the experiment. (ii) A more serious discrepancy is that even after extensive dialysis, the half-time for peptide binding is found to be equal to the half-time for fluorescent peptide dissociation. [5]
Here k0, and kc0 are the first-order rate constants for the forward and reverse reactions 4. In the binding reaction, [PO] is the concentration of added peptide; for the dissociation
O.r [1] [2]
In this model the dissociation of the first peptide, P1, is the rate-limiting, slow reaction step producing empty MHC molecules, M, that then bind the second peptide, P2. Our experimental data can be approximated with this model (Fig.  5) . In these calculations, the off-rate for reaction 1 is measured directly, and the bimolecular on-rate for reaction 2 is determined from the off-rate for reaction 1 5 ). This is the time delay between P1 dissociation and P2 Fig. 1B .
Model III embodies features of model I and model II together with the above assumption that emply MHC molecules "die"-that is, they irreversibly denature or are otherwise removed from the system. In model III the kinetic intermediate has two bound peptides, X and P.
MX + P MXP [6] MXP MPX [7] MPX =MP + X [8] In this scheme reactions 6 and 8 are rapid and reversible, reaction 7 is slow and reversible, and the dissociation reaction, 1, leads to irreversible loss of the MHC molecule. Reaction 7 has an equilibrium constant of about 1, and reactions 6 and 8 have, for example, micromolar equilibrium constants. With these reactions it will be seen that one can mimic the kinetic binding curves in Fig. 1 A and B and can account for the fact that the half-time for binding to form MP is approximately equal to the half-time for peptide dissociation, providing this is equal to the half-time for reaction 7.
The long half-time for reaction 4 or 7 may depend largely on structural features of the MHC molecule, and less so on the peptide itself. This is suggested by the observation ( Further fluorescence experiments using planar membranes, or other techniques, will be necessary to obtain accurate data on kinetic intermediates of I-Ad-Ova peptide complexes.
The acidification of endosomal compartments is an important factor in antigen processing and presentation. Lysosomotropic agents (e.g., chloroquine and NH4Cl) disrupt intracellular pH gradients and inhibit processing and presentation of antigen (11) . Recently, Jensen (12) >10 hr, the amount of a/,B heterodimer-peptide complex is greatly reduced (Fig. 4) . Fig.   5 shows how inclusion of a finite lifetime in model I can account for data such as those at low pH where there is a loss of MHC heterodimers. The estimated half-time for dissociation into a and ,8 chains is 7 hr. This effect can easily be included in model II or III. The dissociation of the heterodimers into subunits at pH 5.0 is sufficiently slow that it may play no significant role in molecular events in the endosomal compartments. It remains to be seen how these results relate to the previously described "floppy" conformation of class II MHC molecules (13) and whether they are generically related to the reported instability of empty class I molecules (14) .
